A microcontroller was used to operate a pulsed-solenoid valve connected directly to a vacuum chamber (10 À8 mbar) to deposit microliters of solution resulting in monolayer and submonolayer coverage of the substrate. This technique is particularly suited for preparing samples to be characterized by scanning tunneling microscopy or atomic force microscopy. The microcontroller can be programed to open the valve at the millisecond timescale. The valve is particularly suited to deliver air and temperature sensitive molecules to the substrate without the need to remove the substrate from vacuum for deposition.
I. INTRODUCTION
Preparation of monolayer and submonolayer thin films and single-molecule deposition for characterization via scanning probe microscopy, x-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and other surface analysis techniques requires finely tuned methods to ensure proper distribution of atoms or molecules to the desired film thickness. Samples prepared for scanning tunneling microscopy must either be conductive or thin enough for tunneling electrons to pass through the insulating molecular barrier. Historically, popular techniques for deposition of thin films and monolayers for use in catalysis, semiconductor devices, or to create thin coatings include chemical vapor deposition [1] [2] [3] [4] [5] [6] [7] [8] [9] and physical vapor deposition. [9] [10] [11] These techniques often rely on high-thermal stability, thermal decomposition, or high vapor pressure of the molecular species before deposition onto atomically flat substrates. Large biologically relevant molecules, inorganic moieties with numerous ligands, or solution-stabilized compounds cannot be deposited using these methods without the risk of molecular decomposition.
Prior to the 1990s, techniques employed to address this issue involved electrospray and drop casting or spin coating. Electrospray requires the use of a polarized solvent, high electric fields, and differential pumping to deposit solution-based molecules into vacuum. [12] [13] [14] [15] These constraints limit the flexibility and application of this technique. Drop casting or spin coating consists of placing a single drop of solution onto a stationary substrate or a spinning substrate in order to deposit the molecular species while the solvent evaporates. This technique is performed under ambient conditions which limits the cleanliness of the substrate and the ability to deposit airsensitive compounds. In 1999, Kawai and co-workers developed a method to deposit air-sensitive or heat-sensitive molecules straight from solution onto a substrate in high vacuum. They deposited double-stranded plasmid DNA onto Cu(111) using a high speed solenoid pulse valve. 16 Ultrahigh vacuum environments and solution-based chemistry are rarely thought of as compatible, but this pulsed-valve deposition technique enables the deposition of any solution-based chemical species onto a substrate to form low-coverage submonolayers 17 or isolated molecules 18,19 to layered thin films. 20 Similar techniques using pulsed valves have been used to deposit DNA, 21-32 large biologically relevant molecules, 33-35 ionic liquids, 20 organic species, 36-42 porphyrins, 17,37 catalysts, 43 organic nanocars, 19,44-46 nanocrystals, 47, 48 and to form monolayers of mixed-valence organometallic species 18, [49] [50] [51] [52] [53] as well as forming the first two-dimensional quasicrystal. 54 An advantage of this technique is that anything present in the solution will be deposited onto an atomically flat substrate without removing ARTICLE avs.scitation.org/journal/jva the substrate from ultrahigh vacuum. The amount of solution deposited is dependent on the size of the pulsed valve's orifice, the length of time the valve is held open, and the distance between the valve and the substrate. Here, we present a custom microcontroller design to control the length of time the solenoid valve is held open in order to release microliters of solution into the vacuum chamber and deposit submonolayer to monolayer coverage of a wide-variety of solution-based molecular species.
II. EXPERIMENT
A diagram of the experimental setup [ Fig. 1(a) ] shows the pulsed-solenoid valve attached to the preparation vacuum chamber. The lab setup [ Fig. 1(b) ] consists of a 4.5 in. flange connected to the vacuum chamber that was custom tapped to accommodate the attachment of the pulsed-solenoid valve. A Viton o-ring seals the joint between the flange and the valve to maintain a vacuum pressure of 5 Â 10 À8 mbar with constant pumping from a turbomolecular pump. Swagelok ultra-Torr vacuum fittings [ Fig. 1(b) ] were outfitted with a relief valve and a rubber septum while attached to a compressed tank of argon. This allows for argon purging of the head-space above the pulsed-solenoid valve, thus enabling deposition of air-sensitive species. Approximately 0.25 ml of solution can be injected through the septum into the reservoir, as shown in Fig. 1(a) . The valve must be disassembled and each component should be cleaned with several rinses and sonicated in acetone before depositing a new molecular species. The Au(111) substrate sits 6 cm below the valve's orifice and underwent several rounds of argon sputtering and annealing (7.5 mA and 3.00 kV for 10 s, and annealed for 20 min at 600 K) prior to deposition of the molecular species.
The pulsed-solenoid valve is a parker pulse valve ultralow leak extreme performance valve. It is normally closed with an orifice of 0.10 mm and requires 28 V and 400 mA to open the valve. If the valve is to remain open for longer than 25 ms, a holding voltage of 6 V and 0.51 W is required. The Arduino Uno microcontroller is able to provide the logic and timing to control the pulsed-solenoid valve operation. However, it is only able to supply +5 V and 20 mA of current while +28 V and 400 mA are necessary to operate the valve. The necessary interface between the microcontroller and the pulsed-solenoid valve was designed and implemented to deliver the voltage and current levels required to operate the valve.
A mechanical relay is able control the appropriate voltage and current levels needed to operate the pulsed-solenoid valve but would not be able to provide the precise short pulse widths desired for operating this valve. Therefore, it was rejected for use in the interface. Rather, it was noted that a field effect transistor would be adequate to provide the necessary timing while handling the required voltage and current for the pulse valve operation.
The readily available MOSFET IRF510 has a drain-source voltage limit of 100 V, which is more than adequate to control the +28 V used for the pulsed-solenoid valve. Therefore, it was selected for use in this project.
A software program ( Fig. 4 ) for the Arduino Uno microcontroller was used to define the output pulses to control the IRF510. A momentary contact switch (Fig. 2 , SW 1) was connected between pin 2 and ground of the microcontroller to provide manual input to trigger the pulse(s) to operate the pulsed-solenoid valve (in some future design, it would be possible to replace SW 1 with a triggering pulse from an external source if desired). For reliable operation, a connection from the +5 V supply of the microcontroller through a 10k Ω resister to pin 2 is necessary to hold pin 2 high until SW 1 is depressed. LED 1 is connected from the +5 V source of the microcontroller through a 330 Ω resister to provide a positive indication of the presence of the +5 V source.
When SW 1 is depressed, the microcontroller sends a preprogrammed +5 V pulse to pin 13 (Fig. 2) . Pin 13 is connected to the gate of IRF510. The pulsed-solenoid valve is connected between +28 V and the drain of IRF510. The source of IRF510 is connected to ground. When +5 V is present on pin 13, IRF510 conducts a current and activates the pulsed-solenoid valve for the duration of the pulse. LED 2 wired in series with a 10 kΩ resistor is connected in parallel with the pulsed-solenoid valve to give a visual indication of solenoid activation. It was discovered that the pulsed-solenoid valve activation can also be verified by an audible click each time the valve is pulsed. An oscilloscope was used to verify the accuracy of the pulse width generated by the microcontroller (Fig. 3) . A heat sync for IRF510 is unnecessary because of the short duration of the pulses used to activate the pulsed-solenoid valve. If long valve activation times are used, then an appropriately sized heat sync would be needed. LED 3 is connected between the +28 V source through a 10k Ω resistor to give a positive indication of the presence of +28 V.
A variety of power supply options could be used for the Arduino Uno microcontroller and the pulsed-solenoid valve, including custom constructed and commercially available power supplies.
For simplicity of construction, batteries were chosen to supply both the +5 V and the +28 V. The microcontroller operates on +5 V and requires a recommended input of +7 to +12 V. This input voltage is then internally regulated to supply the necessary +5 V. One Energizer Advanced Lithium 9 V battery is able to power the Arduino Uno microcontroller.
The pulsed-solenoid valve requires +28 V at 400 mA to operate. An Energizer Advanced Lithium 9 V battery (lithiummanganese dioxide) is able to supply 1000 mA of current. Three new Energizer Advanced Lithium 9 V batteries wired in series provide in excess of 28 V and were used to supply the nominal +28 V at 400 mA. Energizer Alkaline 9 V batteries (zinc-manganese dioxide) are only rated to supply 100 mA continuous discharge, which is insufficient to operate the pulsed-solenoid valve and, therefore, were not used in this project. A custom power supply could be designed to supply the necessary voltage and current, but batteries were chosen for simplicity.
This interface is sufficient to allow the Arduino Uno microcontroller to activate the pulsed-solenoid valve for times as short as a few milliseconds. However, the Arduino Uno microcontroller also provides software commands in order produce pulses for controlling the pulsed-solenoid valve measured in microseconds. The pulsedsolenoid valve is rated to give a response time of as little as 160 ms with the use of a commercially available driver. However, in order for the pulsed-solenoid valve to achieve this fast response time a pulse of 250-300 V for up to 180 ms is sent to the pulsed-solenoid valve. It appears that in order to achieve these fast response times for the pulsed-solenoid valve with an Arduino Uno microcontroller, the interface would need to be redesigned to provide this initial higher voltage pulse. These fast response times and short pulses were unnecessary for this project.
The example code (Fig. 4) was developed using the press button tutorial available in the public domain in the tutorials section of the Arduino website (www.arduino.cc/en/Tutorial/Button). The tutorial was originally developed by DojoDave in 2005. It was modified in 2011 by Tom Igoe, and modified again for its current use by Philip Quardokus in 2018. The code can by modified for microsecond pulses using the syntax delayMicroseconds(x) where x is the desired number of microseconds to open the valve.
III. RESULTS
The pulsed-solenoid valve was used to prepare three samples shown in Fig. 5 . Surface catalyzed Ullmann-like coupling covalently links aryl halides into covalent two-dimensional materials. [55] [56] [57] [58] [59] [60] [61] [62] [63] Deposition of an aryl halide on Au(111) produces gold supported bromine radicals and aryl radicals. Light annealing (180 C) causes the coupling of the aryl radicals to form carbon-carbon bonds. Dependent on the geometry of the starting aryl halide, rationally designed covalent two-dimensional materials can be obtained through this process. Three 5 ms pulses of 1,3-dibromobenzene were deposited on Au(111) at room temperature and the sample was then cooled to 4 K before imaging [ Fig. 5(a) ]. The bright circular features in Fig. 5(a) are bromine atoms that have dissociated from 1,3-dibromobenzene and have coupled to gold surface atoms. The distribution of bromine atoms demonstrates that submonolayer deposition is possible by controlling the pulsed-solenoid valve with the Arduino Uno microcontroller.
Porphyrins have applications in two-and three-dimensional molecular networks, 57, 64, 65 biomedicine, 66, 67 sensing, 65, 68, 69 catalysts, 70, 71 and as artificial light harvesting agents. [70] [71] [72] Here, we show the successful deposition of submonolayer coverage of meso-tetrakis (pentafluoro)phenyl porphyrin on Au(111) at room temperature. The porphyrins self-assembly into small islands and are imaged with scanning tunneling microscopy at 77 K. Common porphyrin deposition techniques involve subliming the molecules or drop-casting multilayers of porphyrins onto the surface and annealing to remove all but one monolayer. This is not suitable for temperature sensitive porphyrins, or if the planned experiments involve monitoring the kinetics and thermodynamics of the porphyrin monolayer after deposition. C 60 fullerenes are widely investigated as potential candidates for catalysis, [73] [74] [75] [76] [77] [78] [79] cancer imaging and therapy, [80] [81] [82] [83] [84] and materials applications. [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] Here, we demonstrate [ Fig. 5(c) ] successful deposition of a monolayer of C 60 fullerene on highly oriented pyrolytic graphite. The C 60 fullerene was deposited with the pulse-deposit valve at room temperature using 15 5-ms pulses. The sample was imaged with scanning tunneling microscopy (STM) between each set of five pulses until the monolayer was observed.
IV. CONCLUSIONS
The microcontroller is suitable for controlling the pulsedsolenoid valve to deliver submonolayer and monolayer coverage in high vacuum. This deposition technique is particularly suited for preparation of samples that will be characterized by scanning probe techniques including STM, atomic force microscopy, XPS, SEM, TEM, and other surface analysis techniques. A MOSFET is necessary to control the 28 V power supply necessary to operate the valve. Lithium-manganese dioxide 9 V batteries are required to supply the necessary 400 mA of current. Zinc-manganese dioxide (alkaline) 9 V batteries cannot supply high enough current to operate the valve. Successful deposition and imaging of 1,3-dibromobenzene, mesotetrakis( pentafluorophenyl)porphyrin, and C 60 fullerene demonstrate the diverse capabilities of the pulsed-solenoid valve and microcontroller.
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